In this study the mesophilic two-stage anaerobic digestion (AD) of corn bioethanol distillery wastewater is investigated in laboratory-scale reactors. Two-stage AD technology separates the different sub-processes of the AD in two distinct reactors, enabling the use of optimal conditions for the different microbial consortia involved in the different process phases, and thus allowing for higher applicable organic loading rates (OLRs), shorter hydraulic retention times (HRTs) and better conversion rates of the organic matter, as well as higher methane content of the produced biogas. In our experiments the reactors have been operated in semi-continuous phase-separated mode. A specific methane production of 1,092 mL/(L·d) has been reached at an OLR of 6.5 g TCOD/(L·d) (TCOD: total chemical oxygen demand) and a total HRT of 21 days (5.7 days in the first-stage, and 15.3 days in the second-stage reactor). Nonetheless the methane concentration in the second-stage reactor was very high (78.9%); the two-stage AD outperformed the reference single-stage AD (conducted at the same reactor loading rate and retention time) by only a small margin in terms of volumetric methane production rate. This makes questionable whether the higher methane content of the biogas counterbalances the added complexity of the two-stage digestion.
INTRODUCTION
The increasing demand for ethanol as fuel additive has resulted in a dramatic increase of corn used for ethanol production. Corn is converted into ethanol mainly through dry grind (DG) processing, given the advantages of this technology over other alternatives (Belyea et al. ) . In the DG technology the corn is processed through grinding, liquefaction, saccharification and alcoholic fermentation in order to transform its starch content into ethanol, which is then separated from the fermentation slurry in a subsequent distillation step (Liu & Rosentrater ) . Hence DG plants have two main output streams: ethanol and the fermentation residue, called distillery wastewater or whole stillage. For every litre of ethanol 10-20 L of distillery wastewater is generated, with a total chemical oxygen demand (TCOD) of up to 250 g/L and a total solids (TS) content of 6-12% (Eskicioglu et al. ) . Whole stillage is usually further processed to a dry, stable product, called distiller's dry grain with solubles (DDGS) that can be marketed as animal feedstock. Stillage drying, however, presents two important drawbacks: (1) the evaporation of water requires large quantities of heat, accounting for approximately 47% of total energy consumption of a DG plant (Agler et al. ; Eskicioglu et al. ) and (2) the dependency on animal feed markets: as approximately 1 ton of DDGS/ton of ethanol is produced, marketing of DDGS is critical for the sustainability of DG plants (Belyea et al. ; Liu & Rosentrater ) .
Anaerobic digestion (AD) is a complex process of microbial degradation of the organic matter, and is seen as a preferable alternative processing method for the distillery wastewater. Through AD the organic matter content of the distillery wastewater can be transformed into biogas, which in turn can be used on-site to cover partially or totally the energy needs of the ethanol plant (Agler et al. ; Eskicioglu et al. ) . In the AD, complex organic matter is degraded to form methane (CH 4 ) and carbon dioxide through a series of concatenated biochemical processes that can be grouped in four stages, namely hydrolysis, acidogenesis, acetogenesis and methanogenesis. These stages are carried out by unique functional groups of microorganisms and each consequent stage uses as substrate the metabolites of the previous stage (Abbasi et al. ) . The quantity of methane that could be produced by the AD of the annual stillage produced in the USA and EU is estimated to be 18 × 10 9 Nm 3 /year (Korres et al. ) .
Due to its high dry matter content the distillery wastewater is not suitable for high-rate anaerobic processing in digesters with the retention of active biomass. It can be treated only in low-performance suspended-growth digesters that can be operated at low organic loading rates (OLRs) and long hydraulic retention times (HRTs), and consequently requires large reactor volumes. There are only a few studies on whole stillage digestion (Eskicioglu & Ghorbani ; Gyenge et al. ) and only one study reports on the AD of corn whole stillage in semi-continuously fed stirred tank reactors (Eskicioglu et al. ) . In this previous study stable digestion of whole strength distillery wastewater has been achieved at an OLR of 4.25 g TCOD/(L·d) and an HRT of 60 days. At this OLR a volumetric CH 4 production rate of 965 mL/(L·d) has been registered, besides a relatively low CH 4 content (54%) of the produced biogas; further increase of the OLR and reduction of HRT resulted in volatile fatty acid (VFA) accumulation and in the inhibition of methane formation. For a successful adoption of AD in the bioethanol industry, high OLRs, short HRT and high CH 4 concentrations are needed, as these parameters determine the quantity and quality of the biogas produced in the digestion; the latter will determine also the required technology level of the biogas upgrading equipment. A possible way to address these aspects is through the two-stage AD of the distillery wastewater, i.e. the separation of the AD sub-processes in two distinct reactors. In the first stage the hydrolysis and acidogenesis phases take place at pH 5-6 (acid reactor), degrading the organic matter to VFAs. In the second-stage reactor (also called gas reactor) acetogenesis and methanogenesis will occur, transforming the VFAs into biogas (Ke & Shi ; Abbasi et al. ) . The pH about 7.5 and the longer HRT of the second-stage reactor favors the slowly growing acetogenic and methanogenic microorganisms. This reactor set-up is also known as phaseseparated fermentation or acid/gas split (A/G) digestion, and it allows for shorter HRTs and better conversion rates of the organic matter. Separating the acidogenic and methanogenic steps provides enhanced stability to the different groups of microorganisms, better process control, faster degradation of the substrate, higher methane concentration of the biogas and higher net energy outcome of the system (Ke & Shi ; Nasr et al. ) . To what extent multistage AD outperforms single-stage AD depends mainly on the substrate; for waste activated sludge multi-stage digestion is about 20-30% faster according to reported data (EPA ). An additional advantage of the technology is that the biogas produced in the gas reactor has a high methane content, because the carbon dioxide produced in the acid reactor is not mixed with the biogas formed in the second-stage reactor, thus enabling the cost reduction of eventual biogas enrichment (Niesner et al. ) . On the other hand phase-separated AD is more difficult to implement, engineer and operate than single-phase AD. Knowledge regarding the applicability of A/G digestion to different substrates is very limited and the linkage between substrate type and reactor configuration is very uncertain (Ke & Shi ) . To the best of our knowledge, two-stage digestion of corn ethanol distillery wastewater has not been studied so far. Nasr et al. () studied two-stage digestion of thin stillage (soluble fraction of the distillery wastewater) in batch experiments. According to this study, an 18.5% increase in the total energy yield was achieved using two-stage AD instead of single-stage digestion. This study, however, offers little information on the practical applicability of the two-stage AD on distillery wastewater, first because it considered only the easily biodegradable soluble fraction of the wastewater, and second because no reactor experiments were conducted.
The main objectives followed in this study were:
• to accomplish the two-stage AD of the corn whole stillage in a laboratory-scale A/G system, in order to gather information on the applicability of A/G split digestion to cornethanol distillery wastewater and to establish a possible reactor configuration; to the best of our knowledge such an experiment has not been done so far;
• to verify whether the two-stage configuration allows for high OLR operation, previously reported to be limiting for single-stage digestion;
• to evaluate the efficiency of the two-stage digestion, by comparing it to the efficiency of single-stage AD of the corn whole stillage.
MATERIALS AND METHODS

Substrate and anaerobic inoculum
Distillery wastewater from a DG corn bioethanol plant has been used as substrate. As the pH of wastewater was acid, the substrate was neutralized to pH ¼ 7 using NaOH. The substrate has been stored at À20 W C and heated up only prior to feeding in order to avoid the alteration of its composition. The main characteristics of the distillery wastewater are presented in Table 1 . Mesophilic inoculum has been collected from the up-flow anaerobic sludge blanket reactor of a brewery wastewater treatment facility. This inoculum was proved to efficiently digest corn bioethanol byproducts in a previous study (Gyenge et al. ) . The inoculum has been starved for a week in a 37 W C incubator before starting the experiment.
Experimental set-up
The two-stage digestion experiment has been carried out in two Biogas Endeavour reactors in series (Bioprocess AG, Sweden), under mesophilic conditions at 37 W C (Figure 1 ).
The reactors operated in semi-continuous mode with daily feed and digestate removal, and were agitated at 60 rpm. In order to promote the separation of digestion phases, a pH value of 5.5 has been set in the first-stage reactor (from now on referred to as R1) and 7.5 in the secondstage reactor (R2 in the following). The adjustment of pH was done once a day (before feeding), using NaOH solution.
To further promote phase separation an HRT ratio of approximately 1:2.5 has been adopted by adjusting the useful volume of R1 and R2 to 650 mL and 1,650 mL, respectively. These values were taken from two-stage digester technology treating excess activated sludge, since there is no information available on the optimal volume ratio of the digesters for corn whole stillage. The short HRT in R1 is meant to ensure a shift of the slowly growing acetogenic and methanogenic population in R2. The digesters have been operated for 85 days. Temperature, pH and biogas production have been monitored continuously, while biogas composition has been analyzed weekly.
To allow for the adaptation of the inoculum to the substrate, the daily fed substrate quantity has been gradually increased in four steps until reaching the targeted 6.5 g TCOD/(L·d). The resulting OLR and HRT values of the reactors are shown in Table 2 . Mesophilic single-stage AD of the distillery wastewater has also been performed in duplicate and considered as reference condition.
Analytical methods
MGC-1 MilliGascounters (Ritter, Germany) have been used to measure the biogas flow rate. Methane concentration has been determined weekly by gas chromatography (GC) using a thermal conductivity detector and a Mol Sieve 5A PLOT capillary GC column (Supelco). Nitrogen has been used as carrier gas, and the injector, detector and oven temperatures were 120 W C, 120 W C and 80 W C respectively. Prior to each measurement session, four-point calibration of the gas chromatograph has been performed with analytical grade methane (Merck). Biogas sampling has been done using a Hamilton GasTight 250 μL syringe. Figure 1 | Schematic view of the laboratory-scale two-stage digestion equipment (P -pump; FM -flow meter; GSP -gas sampling point; pH and temperature sensors are not shown). (Cleresci et al. ) . Ammonia concentration has been determined photo-colorimetrically using HI 93764B kit. Soluble COD (SCOD) has been determined on the filtrate passing through a 0.45 μm glass-fiber filter. The total Kjeldahl nitrogen (TKN) content of the substrate was determined chemically according to Horwitz () using a UDK 159 VELP Automatic Kjeldahl Distillation & Titration System apparatus. Digestion of samples (5 g) was made with concentrated sulfuric acid and cupric catalyst in a DK6 heating digester unit (Velp Scientific).
TS, volatile solids (VS) and COD determinations were performed according to Standard Methods
RESULTS AND DISCUSSION
The evolution of biogas and methane production in R1 and R2 are shown in Figure 2 . The curves reflect very well the increasing substrate feeding steps, and also the separation of the digestion phases. During the first days of the experiment R2 produced very small amounts of biogas, because most of the substrate has been consumed in R1. The explanation for this is that, despite the low pH, some methanogenic activity occurred in R1 in the first days, consuming in-place the VFAs. The existence of this initial methanogenic activity in R1 is confirmed also by its methane concentration curve (Figure 3) . The slow decrease of the biogas production in R1 in this initial period reflects the ceasing of the methane formation. Indeed, on day 14 there was no methane detectable in the gas produced by R1 and after this point the acid reactor barely produced any methane until the end of the digestion experiment (Figure 3) . The reduction of methanogenic activity in R1 has two reasons. On the one hand methanogens are inhibited by the low pH set in this reactor. A pH below 6.5 is reported to inhibit the methanogenic step, but not the acid formation (Nyns et al. ) . On the other hand the gradual reduction of the HRT caused the wash-out of the slowly Step 1 Step 2 Step 3 Step 4 OLR (g VS/(L·d)) 0. Contrary to what has been observed for R1, the biogas formation in R2 increased slowly at the beginning and more drastically after day 14. This steep intensification of biogas formation is partly due to the increased substrate feed, but it also indicates the completion of the phase separation (i.e. after 2 weeks of operation the methane production completely shifted to R2). For the rest of the experiment the biogas production in R2 was significantly higher than in R1 and reached a final value of 1,930 mL/(L·d), corresponding to a volumetric CH 4 production rate of 1,523 mL/(L·d) (average value for days 65-85). More importantly, the methane content of the biogas from R2 was very high from day 10 until the end of the experiment: an average CH 4 concentration of 75.9% has been registered, with a peak value of 81.4% on day 66 (Figure 2 ). This is significantly higher than the average 56.3% CH 4 concentration observed in the case of the reference single-stage digestion for the same period.
The two-stage digester tolerated well the increase of the loading rate up to the targeted 6.5 gTCOD/(L·d) (corresponding to 4.1 g VS/(L·d) and HRT of 21 days). This is a particularly important result, as suspended-growth reactors (such as the ones used in this study) are prone to fail when overloaded and often use OLRs as low as 1-3 gTCOD/(L·d) (Abbasi et al. ) . The good results achieved with the two-stage digester, however, do not prove the superiority of the two-stage AD over the singlestage AD. Contrary to the expectations, the single-stage digesters also provided stable operation at the maximal OLR tested in this study. This is not in agreement with data reported in a previous study (Eskicioglu et al. ) ; they observed the inhibition of the single-stage digestion at OLRs in excess of 4.25 gTCOD/(L·d) and an HRT below 60 days. In our experiment no apparent sign of such inhibition was noted, possibly because the higher temperature of the digestion (37 vs. 33 W C) favored the methane formation, thus eliminating the danger of VFA accumulation. The results are encouraging in this sense and suggest the possible application of relatively small digesters for the treatment of corn distillery wastewater. Table 3 shows the comparative digestion performance indicators of the distillery wastewater at maximal OLR for the two-stage digestion and for the reference single-stage digestion. For a fair comparison the volumetric performance indicators of the two-stage digestion are calculated with the total volume of the reactors (sum of R1 and R2). The twostage AD outperforms the single-phase AD by about 10% with a mean specific methane yield (Y CH4 ) of 260 mL CH 4 /g VS added. Contrary to the expectations the best Y CH4 has been observed at the highest OLR and shortest HRT. This indicates that, despite the relatively high OLR applied, the digester was not overloaded and it could probably have operated at even higher OLR. Further research is needed to elucidate this aspect, because the gradual establishment of a well-balanced microbial consortia might have similar effect on the evolution of methane yields. TCOD removal was slightly higher for the single-phase digestion, in concordance with the higher biogas production. The effluent contained high amounts of organic matter in both cases, and hence it is subject to further organics removal. Ammonia concentration was relatively high in the single-stage digestion in the evaluation period, with a value of 3,820 mg/L. Nonetheless ammonia is known to inhibit the AD process at concentrations in excess of 3,000 mg/L (Tiwari et al. ; Moestedt et al. ) ; the evolution of the biogas production of the reference digester does not reflect inhibition of the methanogenesis.
Comparing the results of the two digestion technologies we can observe that the performance indicators do not differ significantly. The two-stage AD does not have a remarkable advantage over the single-phase AD. It does have slightly better values regarding the methane yields, but differences remain below 10%. A possible explanation for not reaching significantly higher methane yields with the two-stage AD is that the separation of the acidogenic phase precludes the hydrogen-to-methane pathway (Reith et al. ) . The only indicator showing a significant (þ30%) advantage of the two-stage digestion is the methane concentration of the produced biogas. Considering the above observation on the Y CH4 -OLR relationship, one might speculate that at higher reactor loading rates the phase-separated AD would outperform the single-phase AD with respect to other performance indicators as well. Our results demonstrate that two-stage digestion of corn whole stillage is a real treatment option, but there is probably considerable headroom for further optimization of the process. Identification of the optimal HRT and pH values for the acid reactor could for example help in improving digestion efficiency; temperature-phasing of the AD would also possibly lead to more complete digestion.
Since the TCOD-reduction of the corn distillery wastewater in the two digestion types was practically equal, the only real advantage of the two-stage digestion remains the significantly higher methane content of the biogas. Such high methane content may enable the use of the produced biogas in cogeneration units as is, eliminating some of the expensive biogas enrichment operations. At this point one should carefully assess whether the higher methane content of the biogas and the slight increase of methane yield counterbalance the added complexity of the two-stage digestion.
CONCLUSIONS
The results show that phase-separated digestion can relatively easily be applied to the corn-DDGS substrate. Using HRT ¼ 5.6 days and pH ¼ 5.5 in the first-stage reactor, and HRT ¼ 15 days and pH ¼ 7.5 in the second-stage reactor, the phase separation successfully took place and the digester operation was stable at a relatively high OLR (6.5 gTCOD/ (L·d)). With the used settings, however, the A/G digestion outperformed the single-phase digestion in terms of methane yield only by a small margin; hence optimization of the process conditions is needed before considering process upscaling. On the other hand the methane concentration of the produced biogas was very high in the second-stage digester (78.9% vs. 60.3% of the single-phase digestion). This makes the two-stage AD process appealing for applications where biogas enrichment would otherwise be necessary (e.g. cogeneration of heat and electricity using biogas engines). 
